We investigate the dependence of strain and film thickness on the orbital and magnetic properties of LaSrCrO 3 (LSCO)/LaSrMnO 3 (LSMO) heterostructures using bulk magnetometry, soft X-ray magnetic spectroscopy, first-principles density functional theory, high-resolution electron microscopy and X-ray diffraction. We observe an anti-parallel ordering of the magnetic moments between the ferromagnetic LSMO layers and the LSCO spacers leading to a strain-independent ferromagnetic ground state of the LSCO/LSMO heterostructures for LSMO layers as thin a 2 unit cells. For the thinnest LSMO layers, an approximately constant magnetic moment as a function of strain is observed. As the LSMO thickness is increased, the average magnetic moment per Mn decreases for compressive strain on LaAlO 3 while it increases for the tensile strain. The differences in the magnetic responses are related to ordering of the Mn d-orbitals which are found to be x 2 −y 2 (in-plane) for tensile strain and 3z 2 − r 2 (out-of-plane) under compressive strain leading to competing ferromagnetic and anti-ferromagnetic exchange interactions within the LSMO layers. These results underscore the relative contributions of orbital, structural and spin degree of freedom and their tunability in atomically-thin crystalline complex oxides. *
I. INTRODUCTION
The ability to achieve atomically-precise perovskite transition metal oxide interfaces using thin-film deposition techniques such as molecular beam epitaxy allows for the unprecedented control of spin, orbital and structural degrees of freedom. [1] [2] [3] [4] In the transition metal oxides, the ordering and relative electronic occupation of the transition metal d orbitals has important implications on the macroscopic functional properties of these systems including magnetism and superconductivity. [5] [6] [7] [8] [9] [10] Decoupling the role of intrinsic interfacial interactions and strain on spin and orbital ordering at interfaces remains an active area of scientific research particularly, when film thickness are on the order of a few atomic layers. [11] [12] [13] [14] [15] Rareearth manganite-based heterostructures provide an ideal platform for the systematic investigation and control of these interactions by quantum confinement and epitaxial strain. [16] [17] [18] [19] [20] However, for thin manganite films, a challenge remains in suppressing interface and surface polarity-driven chemical and structural distortions which suppress magnetic ordering and metallicity below a substrate strain-dependent critical thickness. [16, [21] [22] [23] [24] [25] [26] For single layer La 0.7 Sr 0.3 MnO 3 (LSMO) films, the magnetic critical thickness is reported to vary from 3 nm on NdGaO 3 (110) to 1.2-3 nm on SrTiO 3 (001) and 5 nm on LaAlO 3 (001). [24] [25] [26] [27] [28] . The modification of the LSMO interface by the addition of spacer layers to couple to oxygen octahedral rotations and compensate the polar discontinuity present at LSMO interfaces has resulted in improved magnetization and electronic properties, however, a systematic demonstration of the removal of magnetic dead layers independent of the substrate-induced strain remains. [29] [30] [31] [32] The insertion of ultrathin La 0.7 Sr 0.3 CrO 3 (LSCO) layers at the interfaces of LSMO films grown on (001)-oriented SrTiO 3 (STO) has been recently found to result in the stabilization of ferromagnetism in LSMO layers as thin as 0.8 nm (2 unit cells (uc)). [33] At these length scales, intrinsic interfacial interactions are expected to dominate the physical properties of the oxide films. Jahn-Teller-like distortions induced by epitaxial strain breaks the degeneracy of the transition metal d -orbitals via the crystal field splitting leading to changes in the electronic occupation of orbitals with in-plane and out-of-plane symmetries. [1, [34] [35] [36] For unstrained LSMO, the double degeneracy of the Mn 3d eg orbitals with out-of-plane 3z 2 −r 2 and in-plane x 2 −y 2 symmetry is related to double exchange interactions and a ferromagnetic (FM) metallic ground state. For compressive and tensile biaxial strained LSMO, C-type and 3 A-type anti-ferromagnetic (AF) ground states are stabilized, respectively. [19, 34, 35, [37] [38] [39] [40] .
In addition to the strain-dependent orbital ordering, at LSMO surfaces, a strain-independent preferential occupation of the 3z 2 − r 2 orbital [34, 35] has been observed related to inversion symmetry breaking and a surface structural reconstruction. [21, 23, 41, 42] We show that in LSCO/LSMO heterostructures, a net ferromagnetic ground state is stabilized independent of the substrate-induced strain state and LSMO thickness. In the ultra-thin limit, for 2 uc of LSMO, the dominant physics is set by the interfacial spin interactions, while with increasing LSMO thickness, strain-induced orbital ordering dictates the physical properties of the heterostructres.
In the current work, we investigate the effect of strain on orbital and magnetic ordering in [2 uc The structural, orbital and magnetic properties of [M LSCO/ N LSMO] heterostructures are investigated by temperature-dependent SQUID measurements, synchrotron X-ray diffraction (XRD), X-ray linear dichroism (XLD) and X-ray magnetic circular dichroism (XMCD) and first principles density functional theory. XLD measurements indicate a transition from x 2 − y 2 in-plane orbital ordering for tensile strained layers to 3z 2 − r 2 out-of-plane ordering for compressively strained films. For the thinnest LSMO layers (2 uc), the interfacial spin and structural interactions between the LSMO and LSCO layers leads to a strain-independent net FM ground state with nearly identical net moments and Curie temperatures characterized by an AF coupling of Mn and Cr spins across the interface. [33, 43] As the LSMO thickness is increased, a net FM state is still maintained, however the effects of epitaxial strain and orbital ordering are non-negligible leading to competing FM and AF exchange interaction and interlayer charge transfer. close to the bulk LSMO magnetization. The increase in the SQUID magnetization with LSMO thickness is related to the contribution to the total magnetization from the LSCO layers with moments anti-aligned to the magnetic field. [33] . A similar increase is observed for the heterostructures on STO. For the LAO strain, the dip in the net moment for N=2 is followed by an increase to 1.8 µ B /M n for N=8.
E. X-ray magnetic circular dichroism measurements
To determine the magnetic ordering in the LSMO and LSCO layers as a function of strain, element-specific X-ray magnetic circular dichroism (XMCD) measurements were performed at the Mn and Cr L-edges at the 4.0.2 magnetic spectroscopy beamline at the Advanced Light Source. The measurements were performed in total electron yield (TEY) mode at 80 K with an 0.5 T magnetic field applied parallel to the film surface and a photon grazing angle of incidence of 30 • .
A comparison of the XMCD signal at the Mn L-edge is shown in Figure 4 and compressive strain (LAO) are confirmed by SQUID measurements in Figure 3 .
As the LSMO thickness is increased to 4 uc in the [2/4] SLs, the XMCD signal shown in Figure 4 (c) at the Mn L-edge increases (decreases) for the SL on STO (LAO) also consistent with the SQUID measurements in Figure 3 . 
F. X-ray linear dichroism measurements
To determine the orbital polarization of the films as a function of strain, XLD measurements were carried out at Mn L 2,3 -edges to determine the symmetry of unoccupied Mn The orbital polarization is quantified by plotting the area of the shaded regions in Figure   5 (b) as a function of the c/a ratio in Figure 5 
G. Charge Transfer
For the compressively strained films on LAO, we investigate the possibility of charge transfer between the LSMO and LSCO layers by measuring the Cr and Mn spectra as a function of the LSMO thickness. X-ray absorption spectra at 300 K are shown in Figure 6 for [2 LSCO/ N LSMO] as a function of the LSMO thickness. As the LSMO thickness is increased from 2 uc to 8 uc two features are observed. For the Mn L 3 peak, a shift to lower energies and a decrease in the Mn L 3 peak intensity is observed corresponding to an increase in the Mn 3+ state as the LSMO thickness increases. A peak in the Cr spectra develops at 580 eV with increasing LSMO thickness which represents an increase in Cr 4+ content of the LSCO layers and electron transfer from LSCO to the LSMO layer. 
H. Theory
To confirm the dependence of strain on the magnetization, first principles density func- Our calculations for fully relaxed unstrained bulk LSMO and LSCO predict a FM ground state AFM-C magnetic structure respectively. To study the interlayer magnetic couplings between the LSCO and LSMO layers in a [2/2] heterostructure, we compare the total energies of different spin configurations as shown in Figure 7 . We find that the ground state for the heterostructure compressively strained to LAO is the AF configuration that presents spins aligned within the material, and anti-aligned across the interface, with an energy lower by 21 meV than the fully FM state, while the other two antiferromagnetic states that would have an effective total moment of 0 have significantly higher total energies (112 meV and 170 meV higher than the FM state 
III. DISCUSSION
The SQUID measurements in Figure 3 and the XMCD measurements in Figure 4 Figure 3 for the [2/2] samples.
To understand the strain-independent interfacial AF coupling between the Cr and Mn, we consider the Goodenough-Kanamori rules for predicting exchange interactions between neighbouring empty and half-filled transition metal d -orbitals. [49] [50] [51] [52] For tensile strain on STO, the x 2 −y 2 orbital ordering observed by XLD is predicted to result in AF superexchange interactions between the unoccupied Mn 3z 2 − r 2 and Cr 3z 2 − r 2 orbitals through the apical O 2p orbital consistent with Figure 4 for the [ Electron microscope measurements: Aberration-corrected STEM-JEOL ARM was used in conjunction with EELS to acquire HAADF images and EEL spectra of the superlattice structures. In the experiment, the microscope was operated at an accelerating voltage of 200 kV and the electron probe current of 38 ± 2 pA. The convergence and collection angles in the experiments were 19 and 65 mrad, respectively. The EELS data were acquired with a collection angle of 28 mrads.
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